Abstract This work investigates historical trends of meteorological drought in Taiwan by means of longterm precipitation records. Information on local climate change over the last century is also presented. Monthly and daily precipitation data for roughly 100 years, collected by 22 weather stations, were used as the study database. Meteorological droughts of different levels of severity are represented by the standardized precipitation index (SPI) at a three-monthly time scale. Additionally, change-point detection is used to identify meteorological drought trends in the SPI series. Results of the analysis indicate that the incidence of meteorological drought has decreased in northeastern Taiwan since around 1960, and increased in central and southern Taiwan. Long-term daily precipitation series show an increasing trend for dry days all over Taiwan. Finally, frequency analysis was performed to obtain further information on trends of return periods of drought characteristics.
INTRODUCTION
A drought is a prolonged period of water deficit, and typically occurs when an area receives precipitation below usual levels for several months. Drought can be classified as meteorological, agricultural or hydrological, based on the different components of the hydrological cycle affected by a drought event. Meteorological drought is an extended period with precipitation below normal levels, and usually appears before other drought types. Meteorological drought in this work is defined using the standardized precipitation index (SPI) proposed by McKee et al. (1993) . The SPI is easily applied and has other advantages, as discussed by Hayes et al. (1999) . Therefore, the SPI is widely used to investigate drought characteristics. For example, Guttman (1998) compared the SPI with the Palmer drought index (PDI, Palmer, 1965) , and demonstrated that SPI spectral characteristics do not vary among sites, whereas those of the PDI do. Guttman (1998) also showed that the SPI is an easily interpreted moving-average process, while the PDI has a complex structure with a long memory. Lloyd-Hughes & Saunders (2002) applied the SPI to analyse European droughts for , and indicated that the mean number and duration of extreme droughts were about six events and 27 months, respectively. Vicente-Serrano (2006) performed spatial and temporal analysis of droughts using the SPI on the Iberian Peninsula for 1910-2000, and identified the principal drought episodes; the most intense droughts were in the 1940s, 1950s, 1980s and 1990s . Moreover, the SPI has been used to investigate meteorological droughts in many countries and regions, for example: Canada (Quiring & Papakryiakou, 2003) ; China (Wu et al., 2001) ; East Africa (Ntale & Gan, 2003) ; Greece (Tsakiris & Vangelis, 2004) ; India (Mishra & Desai, 2005) ; Italy (Bonaccorso et al., 2003; Piccarreta et al., 2004) ; Spain (Lana et al., 2001) ; Taiwan (Shiau, 2006) ; and the USA (Edwards & McKee, 1997; Ji & Peters, 2003) .
Although the average precipitation in Taiwan is high, the country is prone to droughts due to the uneven temporal distribution of the precipitation and the small storage capacity of reservoirs. A serious drought affected Taiwan in the spring of 2002, and had a massive impact on people, industry and agriculture throughout Taiwan. Huang & Yuan (2004) discussed the reservoir operation in response to the 2002 drought in northern Taiwan. The present study focuses on historical trends of meteorological drought all over Taiwan. Long-term monthly precipitation data were collected for Taiwan and the SPI series calculated to investigate historical trends and variability of meteorological droughts. Change-point detection was used to determine the most statistically significant change point in the SPI series. Trends were then identified by comparing drought characteristics before and after the change point. Additionally, available long-term daily precipitation data were used to identify any trend for dry days, which is also an indicator of meteorological drought. Finally, changes in the return period of drought characteristics were investigated, and trends and variability of meteorological droughts in Taiwan over the last century were identified.
CLIMATE AND LONG-TERM PRECIPITATION RECORDS IN TAIWAN
Taiwan is an island located in the northwestern Pacific Ocean, about 120 km off the southeastern coast of the Asian Continent. The climate is marine tropical, with a rainy season from May to October and a dry season from November to April. Four water resource regions in Taiwan are delineated according to river basins and climatic conditions by the Water Resources Agency (Fig. 1 ). Taiwan's average annual precipitation is as high as 2510 mm. However, abundant precipitation has an uneven temporal distribution, especially in southern Taiwan, because typhoons deliver most of the annual precipitation over a period of a few days. In southern Taiwan, for example, 90% of annual rainfall occurs during the wet season, while only 10% falls during the dry season. Therefore, when typhoons bring less than normal amounts of precipitation during the wet season in a given year, drought is likely in the spring of the following year. This study collected long-term monthly precipitation records (>80 years) and station information in Taiwan. Preliminary inspection was made to remove suspicious data and stations, with location change and data missing longer than five years. Consequently, long-term data from 32 stations provide the study database. Among them, only 11 stations have complete, high-quality records, and other stations have missing records in a few months or years, particularly during the late 1940s. Missing data were reconstructed using the regression method with resorted available records from neighbouring raingauges (not restricted to the 32 stations with long-term records). The quality-control criteria for reconstructing monthly precipitation data are as follows: (a) the simple regression formula made by one neighbouring gauge passes the F test with a significance level of 0.05, and the coefficient of determination R 2 > 0.6; or, (b) the multiple regression formula made by a few neighbouring gauges passes the F test with a significance level of 0.05, and R 2 > 0.6. Thus, reconstructed data of 11 raingauges passed quality control. Finally, only 22 stations with quality data provide long-term monthly precipitation records for this study. Table 1 lists the precipitation data, as well as regional precipitation data (northern, central and southern regions) calculated using the arithmetic averaging method. Among these, only eight raingauges have complete, high-quality long-term daily precipitation data for analysing changes in dry days. 
METHODOLOGY

Meteorological drought and drought characteristics
The SPI at the three-month time scale is used to define meteorological drought in this work. The SPI computation is only based on precipitation and can be calculated for any time scale (e.g. 1, 3, 6 months). The first step in SPI calculation is to fit long-term precipitation data to a probability distribution. The cumulative probability of precipitation can then be derived from the probability distribution function. Next, this cumulative probability is transformed into a standard normal variable with a mean of zero and variance of 1. Last, the SPI takes on the value of a standard normal variable. A detailed description of the SPI calculation can be found in Lloyd- Hughes & Saunders (2002) . Negative SPI values indicate that precipitation is less than the median. A drought event is thus defined as a period in which the SPI is continuously negative. McKee et al. (1993) proposed four drought categories-mild, moderate, severe and extreme droughts-when the minimum SPI value of a drought event is less than 0, −1, −1.5 and −2, respectively. Figure 2 presents the drought events in each category and drought characteristics such as drought duration (D) and drought magnitude (M):
Therefore, each drought category can be described using three characteristics: drought frequency (F), drought duration (D) and drought magnitude (M). 
Drought return period
A return period is the average time interval between events of a certain intensity or greater. The return period, usually used as a design criterion in flood problems, is the inverse of annual probability that a specified value will be exceeded. Derivation of the return period is usually based on frequency analysis of annual maximum series; however, a drought event may last longer than one year and multiple droughts can occur in a given year. Shiau & Shen (2001) and Shiau (2003) developed theoretically the return period for univariate-and bivariate-distributed partial duration series, respectively, and applied this method to drought frequency analysis. Let T be the return period of a drought event with an intensity of X ≥ x; thus, T can be expressed as:
where L is the time period between any two consecutive drought events without considering intensity, E(L) is the expected value of L, and F(x) is the cumulative distribution function of X. (2) is the probability of a drought event occurring that has intensity equal to or exceeding x.
Trend analysis
This work identified the trend for meteorological droughts and dry days using change point detection, which is a method for determining whether a change has occurred in a given time series. Change point analysis can detect multiple changes. In this work, only the most significant change point is highlighted. Many change point detection approaches exist, and many works have discussed issues affecting the detection results, e.g. the impacts of serial and cross-correlation (Yue & Wang, 2002; Yue et al., 2003) . This study applied a non-parametric statistical test, the Mann-Whitney-Pettitt (MWP) method developed by Pettitt (1979) , to determine the change point. The MWP statistic is briefly described as follows. Consider a time series {X 1 , X 2 , …, X n } with a length n. Let t be the time of the most likely change point. Two samples, {X 1 , X 2 , …, X t } and {X t+1 , X t+2 , …, X n }, can then be derived by dividing the time series at time t. An index, U t , is derived by:
where sgn(x) = 1 if x > 0, sgn(x) = 0 if x = 0 and sgn(x) = -1 if x < 0. The most significant change point can be identified at time t where t U is maximum. The approximated significance probability p(t) for a change point (Pettitt, 1979; Kiely, 1999 ) is given as:
The change point is statistically significant at time t with a significance level of α when probability p(t) exceeds (1 -α).
TRENDS OF METEOROLOGICAL DROUGHTS
Trends in SPIs
The SPI is calculated using monthly precipitation data to reflect rainfall surplus or deficit relative to median precipitation. Because the SPI in a 1-month time scale fluctuates between positive and negative values, detection of the start and end of a drought event is improper. Therefore, this work used the SPI with a 3-month time scale (SPI 3 ) to identify drought events. The first step in calculating SPI 3 is to compute the precipitation in a 3-month time scale using a moving average scheme. The 3-month precipitation at month t is calculated using rainfall data at month t -2, t -1 and t. Data for the 3-month precipitation series were fitted to a probability distribution. McKee et al. (1993) and Edwards & McKee (1997) suggested using a gamma distribution. This work examined the goodness of fit of a gamma distribution using the Kolmogorov-Smirnov test pertaining to precipitations at all stations and in all regions. Analytical results show that a gamma distribution fits all 3-month precipitation data with a significance level of 0.05. Finally, cumulative probability of the 3-month precipitation series, derived from the gamma distribution, can be transformed into the SPI 3 series with a mean of zero and variance of 1.
The SPI 3 trends are determined via change point detection. The MWP method identifies the most significant change points in the SPI 3 series. Table 2 lists these change points and the approximated significance probability, p(t), for that corresponding change point. These change points are all statistically significant based on the significance level of 0.05. Change points of the There is a temporal agreement between change points from north to south. Generally, change points of the SPI 3 series are around 1960, within a decade before or after. Analytical results for change points of the SPI 3 series (monthly precipitation) are consistent with those of annual precipitation identified by Yu et al. (2006) , in which change points are also around 1960.
Trends of drought characteristics
Meteorological drought characteristics were then estimated pertaining to the former and the latter SPI 3 series split by the change point. Trends for drought characteristics for individual sites are generally consistent with those for water resource regions. In short, drought characteristics in the northern, central and southern regions and for stations 21 and 22 are presented. Figure 3 shows the changes in drought characteristics in frequency (time/year), duration (month) and magnitude (-ΣSPI 3 ). Trends in these regions can be divided into two groups (Fig. 3) . Trends in northern Taiwan and at station 22 are similar, and can be viewed as Group I. Conversely, trends in the central and southern regions and at station 21 are comparable, and can be grouped as Group II. Group I covers northeastern Taiwan, while Group II includes central and southern Taiwan.
The frequency of mild droughts in Group I increased, while that of moderate, severe and extreme droughts decreased. Drought duration and magnitude in Group I exhibited a decreasing trend, except for those of severe drought. Overall, the trend of meteorological droughts in Group I decreased over the last century. As for Group II, drought frequency has no clear trend. However, drought duration and magnitude in Group II increased, especially for extreme drought. Generally, the trend of meteorological droughts in Group II has increased over the last century. Conclusively, the incidence of meteorological droughts has decreased in northeastern Taiwan and increased in central and southern Taiwan. These trends are in good agreement with precipitation trends investigated by Hsu & Chen (2002) and Yu et al. (2006) , who concluded that the amount of precipitation in Taiwan increased in northern Taiwan and decreased in southern Taiwan over the last century.
Trends for dry days
Dry days provide information for understanding of meteorological droughts. Among the stations with long-term precipitation records, eight maintained by the Central Weather Bureau have longterm complete daily precipitation data. Therefore, these data are used to investigate changes in number of dry days using the MWP method. Various thresholds can be used for daily precipitation to define a dry day, or non-rainy day. This work adopts the threshold of precipitation ≤ 0.6 mm/d as the definition for a dry day; this definition is commonly used in the water resources sector in Taiwan. Table 3 lists the trends for dry days. All stations exhibited an increasing trend for number of dry days, while data for two stations were not statistically significant. The increase of dry days ranges from 10 to 25 d. The change points in number of annual dry days are around 1960 and 1970, and are comparable with those of the SPI 3 series. Table 4 lists the changes in maximum number of consecutive dry days. Changes are statistically significant at four stations. These significant changes for maximum consecutive dry days are all increasing at 3-11 d. Overall, analytical results show that the number of dry days and maximum consecutive dry days increased in Taiwan over the last century. 
Change of return period of drought characteristics
This section discusses changes in the return period for drought duration and magnitude. Drought duration, as used in this work, is a discrete variable, and is fitted as a geometric distribution by Kendall & Dracup (1992) and Mathier et al. (1992) . However, if drought duration is considered a continuous variable, it can be described by an exponential distribution (Zelenhasic & Salvai, 1987; Shiau, 2006) . On the other hand, drought magnitude is usually fitted as a gamma distribution (Zelenhasic & Salvai, 1987; Mathier et al., 1992; Shiau, 2006) . This work applied the Kolmogorov-Smirnov test to examine the goodness of fit of the distributions, and confirmed that an exponential distribution and gamma distribution accurately describe drought duration and drought magnitude for examined data. Figure 4 shows trends and changes to drought duration and magnitude before and after the change point. Return periods of drought events of equal characteristics (duration and magnitude) increase after the change point for northern Taiwan and Station 22, but decrease for central and southern Taiwan and Station 21, e.g. Fig. 5 shows two extreme drought events in southern Taiwan, one before and one after the change point. The 1946 drought is the most serious drought during the former period (36 years) before the change point; this drought lasted 10 months and had a magnitude of 9.7. Both drought duration and magnitude attain maximum values. According to the fitted probability distributions, the 1946 drought has return periods of 23 years (duration) and 54 years (magnitude). Such a drought after the change point has return periods of only 7 years (duration) and 6 years (magnitude). Figure 5 also shows another extreme drought (the 2002 drought) with a duration of 13 months and magnitude of 12.1. Table 5 shows that four events are longer than 13 months, and another four events have drought magnitudes of >12.1. Therefore, the 2002 drought ranks fifth during the latter period after the change point. Based on the fitted probability distribution, the 2002 drought has return periods of 13 years (duration) and 9 years (magnitude). The 2002 drought was more severe than the 1946 drought, but was a more usual event in recent years.
CONCLUSIONS
This work investigated historical trends of meteorological droughts in Taiwan over the last century based on long-term monthly and daily precipitation data. The SPI 3 series, as calculated from 3-month precipitation, was used to define droughts into four classes: mild, moderate, severe and extreme droughts. The MWP method was applied to identify the change point in the SPI 3 series and reveal trends. Analytical results show that change points of the SPI 3 series are around 1960, and are similar to those based on annual precipitation series. Trends pertaining to individual sites are commonly comparable to those pertaining to neighbouring sites. Thus, trends of drought characteristics can be spatially divided into northeastern Taiwan (Group I) and central and southern Taiwan (Group II). Generally, the incidence of meteorological droughts in Group I decreased and that in Group II increased. As for dry days, however, statistically significant changes demonstrate that the number of dry days increased. Moreover, this work applied frequency analysis to drought duration and magnitude, and obtained drought frequency curves before and after the change point. Subsequently, return periods of historical drought events show that southern Taiwan has suffered more severe meteorological droughts in recent years than before.
